Introduction
Using deuterons of energies up to 4-4 MeV, Livingood (1936) observed the production of R a E from bismuth by observing the a-particles from the polonium to which R a E decays. The Cambridge cyclotron has been used to examine the above reaction in more detail a t energies up to 9 MeV. The work of Livingood was confirmed and in addition another reaction, the direct production of Po by a (d, n) reaction, was found to occur. The variation of yield with energy has also been determined for these two nuclear reactions.
Preliminary study of the reactions
The beam was brought out through a thin platinum window into the air where the deuterons had a maximum energy of 8-8 MeV. Two specimens of bismuth were bombarded with approximately 1 • 5 A-min. of these particles. The a-particles from these were observed with an ionization chamber and linear amplifier and followed for about 40 days after exposure. The experi ments indicate th a t all the a-particles observed are em itted by polonium and the reactions taking place are (I) 83Bi209 (d, p ) 83Ra E 210 followed by 83R a E 210->-84Po210+/?, The specimens showed both an initial a-particle activity and in addition a rise of activity with the 5 days half-life expected from the decay of R aE . The results are plotted in figure 1 , where the points represent the observed numbers of counts per minute, and the curve the expected growth and decay of Po assuming the observed maximum number of counts and a ratio of
R a E to Po present in the target after bombardment of 4-75 to 1. The /?-particles from the two specimens were counted giving the decay curve of figure 2 . The values for specimens 1 and 2 have here been adjusted to the same initial number of counts/min. I t will be seen th a t from 24 hr. after bombardment the /^-particles fall off with a 5-0 days half-life. Two other /?-particle activities have since been observed w ith half-lives of about 3 min. and 20 min. The 3 min. period precipitates with lead from a solution of the bismuth target in nitric acid as sulphate, chloride and carbonate, and does not precipitate with bismuth, thallium or polonium.
Deutron bombardment of bismuth tim e (hr.) F ig u r e 1. Curve a, specimen 1; Curve b, specimen 2.
The 20 min. period does not precipitate with lead, bismuth, thallium or polonium, and'm ay therefore be a contamination.
A search for a-particles decaying or growing with periods of this order was made, with negative results.
The excitation functions
The two reactions 83Bi209 (d, p) 83R a E 210 and 83Bi209 (d, n) interesting opportunity of comparing the relative probabilities of the (d, p) and (d, n) processes for various energies of deuterons. Because both the above reactions lead to polonium, and the relative amounts of polonium due to the two reactions can be accurately determined, a precise determina tion of the relative probabilities of the (d, p) and the (d, n) reactions is pos sible. In general one of the products of the (d, p), (d, n) reactions is a stable isotope, and in the rare cases when both are unstable the particles emitted are of the same nature, increasing the difficulty of the experiment. In our case the fact th a t a-particles are emitted only by the polonium enables the growth of the Po to be followed with ease in the presence of the radiations from R aE . The theoretical discussion of the (d, p) and (d, n) processes for deuterons of energies less than the potential barrier assumes two different mechanisms, and the variation of the relative yields with deuteron energy gives a numerical check of the theoretical predictions.
W ith this in view thin layers of bismuth were prepared by evaporating Hilger spectroscopically pure bismuth on to aluminium foils vacuo. The aluminium foil was weighed before the evaporation, and after the bismuth had been deposited the foil was cut into pieces 1*2x2 cm. Each piece was weighed and the air equivalent was calculated from data tabulated by Livingston and Bethe (1937) on stopping powers. The air equivalent of the Bi layer was arranged to be of the order of 1 cm., i.e. about 3 mg./sq. cm. Stacks of these foils sufficient to stop the deuterons were clamped to a water-cooled brass holder and bombarded in air with deuterons. The range in air of the deuterons was measured with a fluorescent screen from the position of the foils. A preliminary run showed th at the reaction could be observed down to about 5 MeV. Below this energy the inhomogeneity of the beam due to straggling becomes large, and even though the intensities could be increased by lengthening the time of irradiation it is doubtful whether the excitation curves so obtained would have sufficient accuracy to be of value. A second run was made with thinner foils, arranged to give more points in the higher region of energy.
The counting was done with an ionization chamber, linear amplifier, and scale of ten counter, the counter being biased to record all a-particles entering the chamber. The amplifier and counter were standardized from day to day using a thin film of uranium oxide as a constant source of aparticles. The effects of foil thickness For a plane source and a shallow ionization chamber of large area com pared with the source, whether or not an a-particle from a given depth below the surface of the source is recorded, will depend on the angle 0 (figure 3) which the a-particle makes with the normal to the source. For all values of 6 less than a critical one there will be a sufficient length of track emerging to give a count, so th a t all particles within a certain solid angle are counted.
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This solid angle was estimated for the conditions of the experiment. I t was found th a t for a given yield the number of counts could be taken as pro portional to the thickness of the bismuth film with, in the worst case, an error of about 3 %. This worst case corresponded to a variation of about 10 % from the mean thickness. The assumption of a plane ionization chamber of large area leads to an over-estimate of the actual error as the a-particles are partly canalized by the grid supporting the front foil of the chamber, and by the fact th a t the chamber is not large compared with the source.
Corrections for the varying thicknesses of the foils were therefore made by reducing them proportionally to a mean foil thickness.
R eduction of results
Similar curves to figure 1 were obtained for each foil. To reduce these to the initial amounts of R aE and Po the procedure was as follows.
If E0 is the number of Ra E atoms formed and P0 the number of polonium atoms formed, then the number of a-particles per second at any time t after the bombardment is proportional to: The values of a and b and hence P0 and E0 are readily found by plotting the number of counts and their times in terms of the variables x and y (figures 4 and 5), and drawing a straight line through the points with due recognition of the importance of the early points. This is easier and more accurate than fitting a curve of the type of figure 1.
From the values of P0, E0 for the different foils an excitation function showing the variation of the probability of these two reactions can be drawn. This is done in figure 6 and the actual values are given in table 1. The errors inherent in this type of experiment are large. The accuracy of the numbers of counts per min. for the (d, and (d, n) reactions is probably of the order of + 5 % for the larger energies, falling off considerably as the energy is reduced. Most of the variation here is due to statistical fluctuations of the counts.
The values of the energies corresponding to a particular foil are probably correct relative to each other to about 0 2 MeV. The actual energies of the points are dependent on the initial energy of the deuterons, and this is not known to more than 0*2 or 0-3 MeV. The value of the initial energy from the magnetic field and the geometry of the cyclotron, and from the range in air using a fluorescent screen agree satisfactorily. There is no evidence from the beam in air of any appreciable inhomogeneity in ranges. The inhomogeneity due to straggling will be of the order of 0-15 MeV when the deuteron energy is reduced to 5 MeV.
Discussion of the results
Calculations on the penetration of nuclei by charged particles by Gamow (1928 Gamow ( , 1929 and Condon and Gurney (1928,1929) led to results which are in agreement with experiment, for disintegrations by protons and a-particles. The deuteron however is neither a simple particle like the proton, nor a closely bound assemblage like the a-particle. I t consists of a proton and neutron, with a binding energy of 2*2 MeV. This low binding energy intro duces a new possibility for disintegration, namely, th a t the deuteron does not penetrate the barrier as a whole but th a t the electric field outside the nucleus disrupts the deuteron into a proton and neutron, the latter then entering the nucleus. Calculations by Oppenheimer and Phillips (1935) later extended by Bethe (1938) give a probability for this type of reaction which at low energies is higher than the probability on the Gamow theory. Owing to the high energy required for a proton to have an appreciable probability of escape from inside the nucleus and because the excitation energy is unlikely to be concentrated on one particle, it is to be expected th at the actual pene tration of the barrier by the deuteron will usually be followed by the emission of a neutron since this does not have to escape through the potential barrier. The excitation energy is known from the known nuclear mass defects to be in the neighbourhood of 15 MeV so th a t one proton is not likely to be excited to more than a small fraction of this, and the potential barrier is about 9*7 MeV.
We are thus led to expect th a t the ( d, n) reaction will goes into the nucleus, while the {d, p) reaction will be mainly due to an Oppenheimer-Phillips process. The latter assumption is necessary to ex plain the large ratio, 4 to 6, between the (d, p) and (d, n) reactions in favour of the ( d, p) reaction. In the calculations certain factors such as the " sticking probability" enter which are not known to a factor of 100 or more. However, it is to be expected th at in the region of deuteron energies with which We are concerned these factors will not vary appreciably compared with the variation of a factor of the form e~v occurring in both theories. This on the Gamow theory is proportional to the chance of the deuteron penetrating the potential barrier.
We have calculated the values of y as follows:
(1) Gamow: y =
where Energy E of incident deuteron Binding energy of deuteron
p is the ratio of the deuteron binding energy to height of the potential barrier and is assumed for the calculations to be 0-22. For 7j0 = p, r0 -R and the deuteron reaches the nucleus before breaking up, (J> (VoP) becomes zero and the Oppenheimer-Phillips formula becomes identical with the Gamow formula. Vo = P occurs at a value of the deuteron energy:
MeV. Figure 7 shows curves of the values of y calculated from the above com pared with curves of the logarithms of the yields for the ( , p) and (d, n) reactions. Agreement with theory occurs if the theoretical and experimental curves are parallel. I t will be seen th a t for lower energies the (d, n) reaction agrees closely with the Gamow curve.
The observed (d, p) curve will consist of two parts, the yield due to the Oppenheimer-Phillips process, and the yield due to actual penetration of the nucleus, so it might be expected to have an intermediate slope. The slope is in fact slightly less than the Gamow curve, lending some support to the view th a t the Oppenheimer-Phillips process is taking place. limit can be set to the contribution due to penetration of the nucleus by assuming th a t it is equal to the ( d, n) yield, because viously, once the compound nucleus is formed the emission of a neutron is much more likely. A plot of lo g^d , p) yield -(d, n) yield} certainly does show better agreement with the Oppenheimer-Phillips process, but the improvement is not marked.
We find th a t even a t energies higher than 7-6 mV the (d, process remains more probable than the (d, n) by a factor of 4 to 5. This may possibly be due to contributions to the Oppenheimer-Phillips process by higher states of angular momentum of the incident particle.
The experimental evidence cannot be used to decide whether there is any definite threshold for the (d, n) reaction at an energy where the (d, p) reaction is still probable. The yield a t low energies is very small and consequent errors prevent any decision for or against an initial activity in Livingood's samples. Owing to the spread of energies when the beam energy is reduced by foils, it would be difficult to detect a threshold a t the low energies involved.
I t is noteworthy th a t the formation of Po from bismuth is one of the few observed (d, n) reactions in the heavy elements.
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Summary
The Cambridge cyclotron has been used to examine the reactions occurr ing when bismuth is bombarded with deuterons of energies up to 8*7 MeV.
The reactions found to take place are the formation of R a E by a ( , p) process, and of Po by a (d, n) process. The R a E subsequently decays into Po by the emission of an electron; with a 5 days' half-life.
By determining the amounts of Po formed directly, and indirectly follow ing the decay of Ra E, it has been possible to measure the relative yields of the ( d, p) and (d, n) reactions a t various energies of the deuteron. The excitation functions for the two reactions have been compared with the values to be expected on theoretical grounds.
